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Objective: Hypoxia-inducible factor (HIF)-2a and the zinc-ZIP8-MTF1 axis in chondrocytes serve as
catabolic regulators of osteoarthritic cartilage destruction by regulating the expression of catabolic factor
genes. We explored possible crosstalk between these signaling pathways and its biological signiﬁcance in
osteoarthritis (OA).
Methods: Microarray analysis, various mRNA and protein assays were conducted using primary cultured
mouse articular chondrocytes and experimental OA cartilage to reveal molecular mechanisms underlying
the crosstalk between HIF-2a and the zinc-ZIP8-MTF1 axis. Experimental OA in mice was induced by
intra-articular (IA) injection of adenovirus expressing HIF-2a (Ad-Epas1), ZIP8 (Ad-Zip8), or MTF1 (Ad-
Mtf1) in wild-type mice or mice with cartilage-speciﬁc conditional knockout of HIF-2a (Epas1ﬂ/ﬂ;Col2a1-
Cre), ZIP8 (Zip8ﬂ/ﬂ;Col2a1-Cre), or MTF1 (Mtf1ﬂ/ﬂ;Col2a1-Cre).
Results: HIF-2a activated the zinc-ZIP8-MTF1 axis in chondrocytes by upregulating the Zn2þ transporter
ZIP8, thereby increasing Zn2þ inﬂux and activating the downstream transcription factor MTF1. The zinc-
ZIP8-MTF1 axis, in turn, acted as a novel transcriptional regulator of HIF-2a. HIF-2a-induced activation of
the zinc-ZIP8-MTF1 axis ampliﬁed HIF-2a regulation of OA cartilage destruction by synergistically pro-
moting expression of matrix-degrading enzymes. Thus, HIF-2a-induced activation of the zinc-ZIP8-MTF1
axis, together with zinc-ZIP8-MTF1 regulation of HIF-2a, acted collectively to synergistically promote
expression of matrix-degrading enzymes and OA cartilage destruction.
Conclusion: Our ﬁndings identify a reciprocal activation mechanism involving HIF-2a and the zinc-ZIP8-
MTF1 axis during OA pathogenesis that ampliﬁes catabolic signaling and cartilage destruction.
© 2015 The Authors. Published by Elsevier Ltd and Osteoarthritis Research Society International. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).Introduction
A variety of etiologic risk factors and pathophysiological pro-
cesses contribute to the progressive nature of osteoarthritis
(OA)1e5. Important among potential OA-causing mechanisms are
mechanical stresses, including joint instability and injury, and
factors that predispose toward OA, such as aging4e6. These factors
lead to the activation of biochemical pathways in chondrocytes thatJ.-S. Chun, School of Life Sci-
, Buk-Gu, Gwangju 500-712,
15-3304.
o: J.-H. Kim, Department of
1-747, Republic of Korea. Tel:
chun@gist.ac.kr (J.-S. Chun).
r Ltd and Osteoarthritis Research Sresult in degradation of the cartilage matrix by matrix metal-
loproteinases (MMPs) and aggrecanases (ADAMTSs)3. Among
matrix-degrading enzymes, MMP3, MMP13, and ADAMTS5 are
known to play essential roles in OA cartilage destruction7e10.
Recently identiﬁed OA-causing mechanisms include those
involving hypoxia-inducible factor (HIF)-2a10e14 and the zinc-ZIP8-
MTF1 axis in chondrocytes15. Expression of HIF-2a, encoded by
Epas1, is markedly increased in OA cartilage of humans and mice.
HIF-2a transcriptionally promotes expression of various matrix-
degrading enzymes10,11 and hypertrophic chondrocyte markers10.
In mice, its ectopic overexpression in knee joints causes OA carti-
lage destruction. Conversely, Epas1 knockout in mice suppresses
the cartilage destruction caused by destabilization of the medial
meniscus (DMM), with concomitantmodulation of catabolic factors
in chondrocytes. The zinc-ZIP8-MTF1 axis has also been identiﬁed
as an important signaling module that leads to the activation ofociety International. This is an open access article under the CC BY-NC-ND license
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importer ZIP8 is speciﬁcally upregulated in OA chondrocytes,
resulting in increased levels of intracellular Zn2þ. ZIP8-mediated
Zn2þ inﬂux, in turn, upregulates the expression of matrix-
degrading enzymes in chondrocytes. MTF1 serves as a down-
stream transcription factor that mediates Zn2þ/ZIP8-induced cata-
bolic factor expression. Genetic deletion of either Zip8 or Mtf1 in
mice inhibits OA pathogenesis, indicating that the zinc-ZIP8-MTF1
axis is a catabolic regulator of OA pathogenesis15.
Based on the fact that HIF-2a and the zinc-ZIP8-MTF1 axis
regulate catabolic pathways in common that lead to the upregu-
lation of matrix-degrading enzymes, we sought to identify possible
crosstalk between these two pathways and its potential signiﬁ-
cance in regulating chondrocyte catabolism during OA pathogen-
esis. We report here that reciprocal activation of HIF-2a and the
zinc-ZIP8-MTF1 axis during OA pathogenesis ampliﬁes catabolic
signaling and cartilage destruction.
Materials and methods
Mice and experimental OA
Male wild-type (WT)mice of the C57BL/6 strain (Epas1ﬂ/ﬂ, Zip8ﬂ/
ﬂ, or Mtf1ﬂ/ﬂ) and cartilage-speciﬁc conditional knockout (CKO)
mice for HIF-2a (Epas1ﬂ/ﬂ;Col2a1-Cre), ZIP8 (Zip8ﬂ/ﬂ;Col2a1-Cre),
and MTF1 (Mtf1ﬂ/ﬂ;Col2a1-Cre) were used for experimental OA
studies. CKO mice were described previously11e15. Animals were
maintained under pathogen-free conditions. All experiments were
approved by the Gwangju Institute of Science and Technology
Animal Care and Use Committee. Experimental OA was induced byZIP8HIF-2α
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Fig. 1. Microarray analysis of target genes of HIF-2a and the zinc-ZIP8-MTF1 axis in chond
expressed (P < 0.05; fold change 2) by ZIP8 or MTF1 overexpression in primary cultured ch
genes (middle) and HIF-2a and MTF1 target genes (bottom). (B) Transcriptional changes of in
in comparison to chondrocytes infected with 800 MOI of Ad-C. Red indicates upregulation;intra-articular (IA) injection (once weekly for 3 weeks) of adeno-
virus expressing HIF-2a (Ad-Epas1), ZIP8 (Ad-Zip8), or MTF1 (Ad-
Mtf1) (1  109 plaque forming units [PFUs] in a total volume of
10 ml) into 12-week-old male mice; IA injection of empty adeno-
virus (Ad-C) was used as a control11e16. Mice were sacriﬁced 3
weeks after the ﬁrst IA injection for histological and biochemical
analyses. Cartilage destruction in mice was examined using
safranin-O staining, as described previously11e16. Cartilage
destruction was scored by two blinded observers using the Osteo-
arthritis Research Society International (OARSI) grading system17.
Cartilage sections were immunostained for HIF-2a (ab8365; Abcam
Inc., Cambridge, MA), ZIP8 (sc-133415; Santa Cruz Biotechnology,
Santa Cruz, CA), and MTF1 (NBP-86380; Novus Biologicals, Lit-
tleton, CO), as described previously11e15.Primary culture of articular chondrocytes
Chondrocytes were isolated from femoral condyles and tibial
plateaus of mice, as described previously11,15,18. Chondrocytes were
maintained as a monolayer in Dulbecco's Modiﬁed Eagle's Medium
supplemented with 10% fetal bovine serum and antibiotics, and
cells at culture day 2 were treated as indicated in each experiment.Adenoviruses and infection of chondrocytes
Ad-Zip8 and Ad-Mtf1 were purchased from Vector Biolabs
(Philadelphia, PA). Ad-Epas1 was purchased from Newgex Inc.
(Seoul, Korea). Mouse articular chondrocytes were cultured for 2
days, infected with empty virus (Ad-C), Ad-Zip8, or Ad-Mtf1 for 2 h2.01.0
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Fig. 2. HIF-2a upregulates ZIP8 expression in chondrocytes and mouse OA cartilage. (A) mRNA levels of Slc30a and Slc39a families of metal ion transporters in primary cultured
chondrocytes infected with Ad-C or Ad-Epas1 (n ¼ 4) at an MOI of 800. (B) HIF-2a binding to the Zip8 promoter was detected by ChIP assay in chondrocytes infected with Ad-Epas1.
(C) Zip8 promoter activity in chondrocytes infected with Ad-C or Ad-Epas1 (n ¼ 5) at an MOI of 800. (D) mRNA levels of HIF-2a and ZIP8 in chondrocytes left untreated (None) or
infected with Ad-C or Ad-Epas1 (n  5) at the indicated MOI. (E) Protein levels of HIF-2a, ZIP8, and Lamin B were determined by Western blotting. (F) Representative images of
cellular Zn2þ (n ¼ 5) in chondrocytes infected with Ad-C or Ad-Epas1. (G) Representative images of ZIP8 and HIF-2a immunostaining and safranin-O staining, and OARSI grade in
cartilage sections of mice IA-injected with 1  109 PFUs of Ad-C or Ad-Epas1 (n ¼ 8). Values represent means ± SEMs (*P < 0.01, **P < 0.0001). Scale bars: 50 mm.
M. Lee et al. / Osteoarthritis and Cartilage 24 (2016) 134e145136
02
4
6
N
on
e
0
A
d-
C
B
MMP13
MMP12
MMP9
MMP3
ZIP8
HIF-2α
GAPDH
N
on
e
Ad-Epas1
Ad-C
Zip8 CKO
Ad-Epas1
WT
A
C
-s
iR
N
A
Z-
si
R
N
A
O
A
R
S
I g
ra
de
W
T
Zi
p8
 C
K
O
NS
0
1
2
3
4
5
6
***
***
D
O
A
R
S
I g
ra
de
Ad-C
Ad-Epas1
Ad-Zip8
+ - - -
+ +
+ +
--
--
+ - - -
+ +
+ +
--
--
0
100
200
300
0
500
1000
1500
2000
2500
m
R
N
A
 le
ve
ls
(fo
ld
 c
ha
ng
e 
ag
ai
ns
t n
on
e)
80
0
N
on
e
40
0
20
0
A
d-
C
Ad-Zip8 (MOI)
80
0
N
on
e 0
40
0
20
0
A
d-
C
Ad-Zip8 (MOI)
Ad-Epas1 (200 MOI)
*
C
Ad-Epas1 (200 MOI)
Ad-C
ZIP8      MMP3       MMP12
Ad-
Epas1
MMP9     MMP13
0
20
40
60
80
100 ***
***
**
Ad-C     Ad-E
Fig. 3. HIF-2a-induced ZIP8 upregulation ampliﬁes HIF-2a-mediated catabolic signaling during OA pathogenesis. (A) Primary cultured chondrocytes were left untreated (None) or
were transfected with 100 nM of control (C-siRNA) or Zip8 siRNA (Z-siRNA), and infected with Ad-C or Ad-Epas1 at an MOI of 800. mRNA levels of the indicated targets were
determined by qRT-PCR 24 h after adenovirus infection (n ¼ 6). (B) Safranin-O staining and scoring of cartilage destruction (n ¼ 10) in WT and cartilage-speciﬁc Zip8 CKO mice IA-
injected with 1  109 PFUs of Ad-C or Ad-Epas1. (C) qRT-PCR analysis of the levels of the indicated mRNAs in chondrocytes left untreated (None) or infected with Ad-Epas1 at an MOI
of 200 and Ad-Zip8 at the indicated MOI (n  5). (D) Safranin-O staining and scoring of cartilage destruction (n ¼ 10) in WT mice IA-injected with 0.5  109 PFUs (total) of Ad-C, Ad-
Epas1, and/or Ad-Zip8. Values represent means ± SEMs (*P < 0.05, **P < 0.01, ***P < 0.001; NS, not signiﬁcant). Scale bar: 50 mm.
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24 h, followed by further analyses.
cDNA microarray
Total RNA was isolated by using PureLink® RNA Mini Kit (Life
Technology) from mouse articular chondrocytes infected with Ad-
C, Ad-Epas1, Ad-Zip8, or Ad-Mtf1 for 48 h. RNA samples were con-
verted to labeled single-stranded DNA, hybridized to an Affymetrix
GeneChip mouse gene 2.0 ST array, and analyzed by Macrogen Inc
(Seoul, Korea). Fold change was calculated by normalizing signal
intensities in each condition to Ad-C infected chondrocytes. Fourindependent experiments were conducted and the genes showing
more than 2-fold change with P < 0.05 were classiﬁed as differ-
entially upregulated genes.
Reverse transcription-polymerase chain reaction (RT-PCR),
quantitative RT-PCR (qRT-PCR), and siRNA
Total RNA was extracted from primary cultured mouse chon-
drocytes using the TRI reagent (Molecular Research Center Inc.,
Cincinnati, OH). The RNAwas reverse transcribed, and the resulting
cDNA was ampliﬁed by PCR. PCR primers and conditions are
described in Supplementary Table 1. Transcript levels were
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Fig. 4. HIF-2a activates MTF1, which ampliﬁes HIF-2a-mediated catabolic signaling during OA pathogenesis. (A and B) qRT-PCR analysis of HIF-2a and MTF1 mRNA levels (A) and
Mt2 promoter activity (B) in chondrocytes left untreated (None) or infected with Ad-C at an MOI of 800 or Ad-Epas1 at the indicated MOI (n  5). (C) Chondrocytes were left
untreated (None) or transfected with 100 nM of control (C-siRNA) or Mtf1 siRNA (M-siRNA), and infected with Ad-C or Ad-Epas1 and an MOI of 800. mRNA levels of the indicated
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Epas1, Zip8, andMtf1were obtained fromGE Dharmacon (Lafayette,
CO); non-targeting (scrambled) siRNA was used as a negative
control. Chondrocytes were transfected by incubating for 6 h with
siRNA and Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA), as
described by the manufacturer, and infected with adenoviruses as
described above.
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as described previously using pri-
mary cultured mouse articular chondrocytes13,14. The assay kit was
purchased from Millipore (Billerica, MA). Brieﬂy, cross-linking of
DNA-proteins was carried out by adding formaldehyde and incu-
bating for 10 min at 37C. Cells were lysed and DNA in the super-
natant was sheared by sonication. Sonicated chromatin was
incubated overnight with the anti-HIF-2a, anti-MTF1, or anti-IgG
antibodies at 4C. AntibodyeproteineDNA complexes were iso-
lated with protein Aeagarose. Eluted DNA was used as a template
for PCR. The primers used for the ChIP assays are described in
Supplementary Table 1.
Promoter assays for Epas1, Zip8, and Mt2
The promoter sequence of Zip8 (from 251 toþ190) was cloned
from genomic DNA extracted from mouse tails using the primers
described in Supplementary Table 1. The ampliﬁed promoter
sequence was digested with KpnI and HindIII and inserted into the
pGL3-Basic vector (Promega, Madison, WI). Reporter gene con-
structs containing the promoter sequences of mouse Epas1 (from
1212 to þ262) and mouse Mt2 (from 1336 to þ43) were pur-
chased from GeneCopoeia (Rockville, MD). Chondrocytes were
treated with hyaluronidase type I-S (4 units/ml) for 3 h under
serum-free conditions, and transfected with both a reporter vector
(1.0 mg) and a b-galactosidase vector (0.1 mg) using Metafectene
(Biontex, Martinsried, Germany). Transfected cells were cultured
for 36 h prior to luciferase assay. Reporter gene activities were
measured using a Dual Luciferase Assay Kit (Promega) or a BioLux
Gaussia Luciferase Assay Kit (New England Biolabs Inc., Beverly,
MA). Luciferase activity was normalized for transfection efﬁciency
using b-galactosidase.
Cellular Zn2þ imaging
Intracellular Zn2þ was detected using the Zn2þ-selective ﬂuo-
rophore, FluoZin-3 AM (Invitrogen), as described previously15.
Brieﬂy, primary cultured articular chondrocytes were treated with
1 mM FluoZin-3 AM in the presence of 0.02% Pluronic F-127 (Invi-
trogen) for 30 min at 37C. Cells were then washed with Ca2þ- and
Mg2þ-free phosphate-buffered saline and incubated for an addi-
tional 30 min at 37C. Intracellular Zn2þ images were acquired with
a ﬂuorescence microscope.
Statistical analysis
Statistical independence of samples was fulﬁlled by collecting
experimental data from fully independent cultures of articular
chondrocytes derived from a unique set of littermates. For in vivo
experiments using animals, each independent trial represents datatargets were determined by qRT-PCR 24 h after adenovirus infection (n ¼ 5). (D) Safranin-O
CKO mice IA-injected with 1  109 PFUs of Ad-C or As-Epas1. (E) qRT-PCR analysis of the lev
Epas1 at an MOI of 200 and Ad-Mtf1 at the indicated MOI (n  5). (F) Safranin-O staining an
(total) of Ad-C, Ad-Epas1, and/or Ad-Mtf1. Values represent means ± SEMs (*P < 0.05, **P <collected from an individual mouse. Normal distribution and ho-
mogeneity of variances of acquired data was conﬁrmed with the
ShapiroeWilk and Levene's tests. Data quantiﬁed based on an
ordinal grading system, such as OARSI grade, were analyzed using
non-parametric statistical methods. For qRT-PCR or promoter assay
data expressed as relative fold changes, Student's t-test and analysis
of variance (ANOVA) with post hoc tests were used for pair-wise
comparisons and multi-comparisons, respectively. Signiﬁcance
was accepted at the 0.05 level of probability (P < 0.05). All statistical
analyses were conducted using IBM SPSS Statistics 21.
Results
Microarray analysis of target genes of HIF-2a and the zinc-ZIP8-
MTF1 axis
We conducted microarray analyses in chondrocytes over-
expressing HIF-2a, ZIP8, or MTF1 by adenovirus infection. The
protein levels of HIF-2a, ZIP8 and MTF1 were conﬁrmed by
Western blotting (data not shown). Overexpression of ZIP8 or
MTF1 caused upregulation (more than 2-fold increase) of 210 and
185 genes, respectively [Fig. 1(A) and Supplementary Tables 2 and
3]. Among the upregulated genes, 118 genes are commonly
upregulated by both ZIP8 and MTF1 [Fig. 1(A) and Supplementary
Table 4]. This is consistent with our previous ﬁnding that ZIP8-
mediated zinc inﬂux induces transcriptional activation of
MTF115. Overexpression of HIF-2a also caused upregulation of 290
genes [Fig. 1(A) and Supplementary Table 5]. Rather unexpectedly,
however, we noticed remarkably high correlation between target
genes of HIF-2a and the zinc-ZIP8-MTF1 axis in chondrocytes. Of
290 genes that are upregulated by HIF-2a, 201 (69%) and 125
(43%) genes were the target of ZIP8 and MTF1, respectively
[Fig. 1(A); Supplementary Tables 6 and 7]. Indeed, HIF-2a micro-
array indicated 22.6 fold-increase of ZIP8 and 1.9 fold-increase of
MT2, a representative target gene of MTF1, implying the possible
activation of zinc-ZIP8-MTF1 axis by HIF-2a pathway [Fig. 1(B)].
Similarly, 96% (201 genes) and 68% (125 genes) of ZIP8 and MTF1
responsive genes were the HIF-2a target genes [Fig. 1(A)]. ZIP8
and MTF1 microarray indicated 3.86 and 2.53 fold increase of HIF-
2a, respectively, indicating possible activation of HIF-2a pathways
by zinc cascades [Fig. 1(B)].
HIF-2a activates the zinc-ZIP8-MTF1 axis, which ampliﬁes HIF-2a-
induced catabolic signaling and OA cartilage destruction
To examine potential crosstalk between HIF-2a and the zinc-
ZIP8-MTF1 axis, we examined expression levels of Zn2þ-importer
(ZIP) family (Slc39a) and Zn2þ-exporter (ZNT) family (Slc30a)19 in
chondrocytes overexpressing HIF-2a. qRT-PCR analyses of chon-
drocytes infected with Ad-Epas1 indicated speciﬁc upregulation of
ZIP8 among the examined Zn2þ transporters [Fig. 2(A)]. Indeed, the
proximal region of the Zip8 gene contains several consensus HIF
binding sites (RCGTG), including at positions 247 and 204 in the
forward direction and 201 and þ164 in the reverse direction.
Results from ChIP assays demonstrate direct binding of HIF-2a to
the proximal HIF binding sites of Zip8 promoter in the forward
direction [Fig. 2(B)]. Overexpression of HIF-2a in chondrocytes
caused a signiﬁcant increase in Zip8 promoter activity [Fig. 2(C)],
ZIP8 expression [Fig. 2(D) and (E)], and Zn2þ inﬂux [Fig. 2(F)].staining and scoring of cartilage destruction (n ¼ 8) in WT and cartilage-speciﬁc Mtf1-
els of the indicated mRNAs in chondrocytes left untreated (None) or infected with Ad-
d scoring of cartilage destruction (n ¼ 12) in WT mice IA-injected with 0.5  109 PFUs
0.01, ***P < 0.001; NS, not signiﬁcant). Scale bar: 50 mm.
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IA injection of Ad-Epas1 into mouse knee joints. We have previ-
ously established that the adenoviral system effectively delivers
genes into mouse joint tissues including cartilage, meniscus, liga-
ment, and synovium14,15. Even in synovium which is the primary
target of IA injection, a control GFP adenovirus infection did not
elicit apparent inﬂammatory response or HIF-2a expression (data
not shown). In contrast, injection of Ad-Epas1 caused signiﬁcant
overexpression of HIF-2a in mouse synovium and cartilage,
resulting in OA cartilage destruction11e14. Notably, overexpression
of HIF-2a caused signiﬁcant upregulation of ZIP8 in articular
cartilage and OA cartilage destruction [Fig. 2(G)]. These results
collectively indicate that HIF-2a upregulates ZIP8 expression in
chondrocytes and OA cartilage.
Next, to elucidate the biological signiﬁcance of HIF-2a-induced
upregulation of ZIP8, we explored the role of ZIP8 in HIF-2a-
induced expression of matrix-degrading enzymes and cartilage
destruction. Knockdown of Zip8 using speciﬁc siRNA did not
modulate HIF-2a-induced expression of matrix-degrading en-
zymes in chondrocytes [Fig. 3(A)]. Additionally, IA injection of Ad-
Epas1 caused a similar degree of cartilage destruction in cartilage-
speciﬁc Zip8-knockout mice and WT mice [Fig. 3(B)]. These re-
sults suggest that HIF-2a alone is sufﬁcient for the expression of
matrix-degrading enzymes and cartilage destruction. However, co-
expression of ZIP8 in chondrocytes by Ad-Zip8 infection produced a
synergistic increase in HIF-2a-induced expression of matrix-
degrading enzymes [Fig. 3(C)]. Adenoviral infection using a con-
trol virus at the same dose (1,000 MOI) had no effect on catabolic
and anabolic gene expression (data not shown). Consistent with
this, cartilage destruction was signiﬁcantly enhanced by IA co-
injection of Ad-Epas1 and Ad-Zip8 compared with IA injection of
the same dose of Ad-Epas1 or Ad-Zip8 alone [Fig. 3(D)]. These re-
sults indicate that ZIP8 upregulation signiﬁcantly ampliﬁes HIF-2a-
induced cartilage destruction by enhancing the expression of
matrix-degrading enzymes in articular chondrocytes.
We next explored the role of HIF-2a in the activation of MTF1,
which is a downstream target of ZIP8-mediated Zn2þ inﬂux15,20e22.
Overexpressing HIF-2a in chondrocytes by infecting with Ad-Epas1
did not modulate MTF1 expression levels [Fig. 4(A)]. However,
MTF1 transcriptional activity, determined by assaying the promoter
activity of the MTF1 target gene Mt220e22, was signiﬁcantly
enhanced by HIF-2a overexpression [Fig. 4(B)]. Similar to the case
of ZIP8, siRNA-mediated knockdown of Mtf1 in chondrocytes or
knockout of Mtf1 in cartilage-speciﬁc CKO mice did not alter HIF-
2a-induced upregulation of matrix-degrading enzymes [Fig. 4(C)]
or cartilage destruction [Fig. 4(D)], respectively. However, co-
infection or co-injection of Ad-Mtf1 signiﬁcantly enhanced the
expression of matrix-degrading enzymes induced by Ad-Epas1
infection in chondrocytes [Fig. 4(E)] and cartilage destruction
induced by IA injection of Ad-Epas1 [Fig. 4(F)]. These results
collectively indicate that HIF-2a-induced MTF1 activation ampliﬁes
HIF-2a-mediated catabolic signaling, increasing expression of
matrix-degrading enzymes and thereby leading to cartilage
destruction.
Taken together, the above results suggest that HIF-2a activates
the zinc-ZIP8-MTF1 axis in chondrocytes by upregulating ZIP8,
increasing Zn2þ inﬂux and thereby activating the Zn2þ-dependent
transcription factor MTF1. Although HIF-2a-induced activation of
the zinc-ZIP8-MTF1 axis is not essential for HIF-2a-induced
expression of matrix-degrading enzymes and cartilage destruction,
our results clearly demonstrate that activation of the zinc-ZIP8-
MTF1 axis by HIF-2a ampliﬁes HIF-2a-induced OA cartilage
destruction by synergistically stimulating the expression of matrix-
degrading enzymes.The zinc-ZIP8-MTF1 axis is a transcriptional regulator of HIF-2a,
which in turn ampliﬁes zinc cascade-induced catabolic signaling
and OA cartilage destruction
We next examined whether the zinc-ZIP8-MTF1 axis regulates
HIF-2a expression and its catabolic signaling during OA patho-
genesis. Overexpression of ZIP8 via Ad-Zip8 infection or ZnCl2
treatment in chondrocytes caused a signiﬁcant increase in HIF-2a
mRNA levels [Fig. 5(A)]. Consistent with this, ZIP8 overexpression
stimulated Epas1 promoter activity [Fig. 5(B)]. Additionally,
overexpression of ZIP8 in cartilage tissue by IA injection of Ad-
Zip8, which results in OA cartilage destruction15, caused HIF-2a
upregulation [Fig. 5(C)]. These results collectively indicate that
ZIP8 is an upstream regulator of HIF-2a in chondrocytes and OA
cartilage.
To determine whether this HIF-2a expression is required for
ZIP8-induced cartilage destruction and expression of matrix-
degrading enzymes, we examined the effects of overexpression of
ZIP8 inWTand cartilage-speciﬁc Epas1-CKOmice.We found that IA
injection of Ad-Zip8 caused a similar degree of cartilage destruction
in both WT and CKO mice [Fig. 5(D)], indicating that genetic abla-
tion of Epas1 did not affect ZIP8-induced cartilage destruction.
Similarly, Ad-Zip8-induced expression of matrix-degrading en-
zymes was not modulated by the knockdown of Epas1with speciﬁc
siRNA [Fig. 5(E)]. However, the expression of matrix-degrading
enzymes in chondrocytes induced by Ad-Zip8 infection was
signiﬁcantly enhanced by co-infection of Ad-Epas1 [Fig. 5(E)],
suggesting that ZIP8 and HIF-2a synergistically increase the
expression of matrix-degrading enzymes. Taken together with the
observation that IA co-injection of Ad-Epas1 and Ad-Zip8markedly
enhanced cartilage destruction compared with the effects of IA
injection of Ad-Epas1 or Ad-Zip8 alone [Fig. 3(D)], our results
collectively indicate that ZIP8-induced upregulation of HIF-2a
ampliﬁes cartilage destruction by enhancing the expression of
matrix-degrading enzymes in articular chondrocytes.
We noted that the HIF-2a proximal promoter contains several
metal-responsive element (MRE) consensus sequences (TGCRCNC);
these sites, which represent potential binding sites for the tran-
scription factor MTF-1, were located at positions 657 and 644 in
the forward direction and 795 and 398 in the reverse direction.
Therefore, we suspected that the ZIP8 downstream target, MTF1,
might serve as a novel transcriptional regulator of the gene
encoding HIF-2a. Indeed, direct binding of MTF1 to the proximal
binding sites of Epas1 promoter in the forward direction were
manifested with MTF1 overexpression [Fig. 6(A)]. Moreover, over-
expression of MTF1 via Ad-Mtf1 infection caused upregulation of
HIF-2a [Fig. 6(B)] with a concomitant increase in Epas1 promoter
activity [Fig. 6(C)]. Overexpressing MTF1 in cartilage tissue by IA
injection of Ad-Mtf1 also caused upregulation of HIF-2a and carti-
lage destruction [Fig. 6(D)]. Along with MTF1-mediated expression
of HIF-2a, ZIP8 was also signiﬁcantly upregulated by MTF1 over-
expression [Fig. 6(B)], consistent with our ﬁnding that ZIP8 is a
target gene of HIF-2a [Fig. 2(B) and (C)].
Moreover, upon ZIP8 overexpression which drives zinc inﬂux
and thus activates MTF115, MTF1 binding to Epas1 promoter was
clearly observed [Fig. 6(A)]. Consistently, siRNA-mediated knock-
down of Mtf1 effectively reduced ZIP8-induced HIF-2a expression
[Fig. 6(E)], collectively supporting the notion that MTF1 is a novel
mediator controlling HIF-2a expression upon the activation of zinc
cascade. However, MTF1-induced expression of matrix-degrading
enzymes was not affected by the knockdown of Epas1 [Fig. 6(F)].
Consistent with this, IA injection of Ad-Mtf1 caused a similar degree
of cartilage destruction in WT and cartilage-speciﬁcMtf1 CKO mice
[Fig. 6(G)]. This suggests that HIF-2a is not required for MTF1-
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destruction, although MTF1 is an upstream transcription regulator
of HIF-2a during OA pathogenesis. However, co-infection of Ad-
Epas1 signiﬁcantly enhanced the expression of matrix-degrading
enzymes induced by Ad-Mtf1 infection [Fig. 6(H)], suggesting
synergistic stimulation of catabolic pathways by MTF1 and HIF-2a.
Because overexpression of HIF-2a and MTF1 synergistically
enhanced cartilage destruction [Fig. 4(F)], these results indicate
that MTF1-induced upregulation of HIF-2a ampliﬁes cartilage
destruction by enhancing the expression of matrix-degrading
enzymes.
The above results collectively indicate that the zinc-ZIP8-MTF1
axis acts as an upstream regulator to increase HIF-2a expression in
chondrocytes. Although this HIF-2a expression is not required for
regulation of matrix-degrading enzymes and cartilage destruction
by the zinc-ZIP8-MTF1 axis, our results clearly demonstrate that the
crosstalk ampliﬁes the expression of matrix-degrading enzymes
and OA cartilage destruction. Our results collectively demonstrate
reciprocal activation of HIF-2a and the zinc-ZIP8-MTF1 axis during
OA pathogenesis, and show that this mutual regulatory mechanism
ampliﬁes catabolic signaling and cartilage destruction.
Reciprocal interactions between HIF-2a and ZIP8-MTF1 axis are
required for the activation of catabolic pathways in post-traumatic
OA pathogenesis
We have previously shown that chondrocyte-speciﬁc CKO of
Epas1, Zip8, and Mtf1 suppressed DMM-induced OA pathogenesis,
compared to their respective WT counterparts11,13,15. To further
determine how reciprocal interactions between HIF-2a and ZIP8-
MTF1 axis contribute to OA, we examined the effect of genetic
deletion of each factors on the expression of the others and
MMPs. HIF-2a expression was markedly increased in surgically-
induced OA models [Fig. 7(A)] consistent with earlier re-
porters10,11. However, HIF-2a was hardly detected in Zip8 and
Mtf1 CKO mice. In accordance, DMM-induced MMP3 and MMP13
expressions were effectively suppressed by conditional knock-
out of Zip8 or Mtf1.
Meanwhile, depletion of Epas1 effectively reduced the DMM-
induced MMP expression [Fig. 7(B)], conﬁrming the central role
of HIF-2a in catabolic factor expression11. DMM-induced ZIP8
expression was also similarly abrogated in Epas1 CKO mice,
demonstrating the requirement of HIF-2a for ZIP8 expression in a
physiological context. MTF1 expression was not affected by HIF-2a
knockdown, consistent with our previous notion that MTF1 activity
is primarily regulated by intracellular Zn2þ level without a signiﬁ-
cant alteration in its expression. Collectively, our results indicate
that HIF-2a and ZIP8-MTF1 axis are mutually required for the
robust activation of matrix-degrading processes under physiologi-
cally relevant extent of OA-inducing stimuli [Fig. 7(C)].
Discussion
HIF-2a and the zinc-ZIP8-MTF1 axis in cartilage chondrocytes
serve as catabolic regulators of OA pathogenesis by stimulating
expression of matrix-degrading enzymes10e15. Activation of either
pathway is sufﬁcient to cause cartilage destruction. We undertookor with Ad-Mtf1 at the indicated MOI (n ¼ 6). (C) Epas1 promoter activity in chondrocytes inf
and HIF-2a immunostaining and safranin-O staining and OARSI grade in cartilage sections of
left untreated (None) or were transfected with 100 nM of control (C-siRNA) orMtf1 siRNA, an
were determined by qRT-PCR 24 h after adenovirus infection (n ¼ 4). (F) Chondrocytes wer
siRNA (E-siRNA), and infected with Ad-C or Ad-Mtf1 at an MOI of 800. mRNA levels of the ind
Representative safranin-O staining images (n ¼ 10) in WT and cartilage-speciﬁc Epas1-CKO
levels in chondrocytes left untreated (None) or infected with Ad-Mtf1 at an MOI of 200 an
**P < 0.001, ***P < 0.0001). Scale bar: 50 mm.this study by noticing high correlation between target genes of HIF-
2a and the zinc-ZIP8-MTF1 axis and thus exploring a possible
crosstalk mechanism between the two major catabolic axes in
chondrocytes. Our current results clearly revealed that HIF-2a and
the zinc-ZIP8-MTF1 axis reciprocally activate each other, leading to
the ampliﬁcation of catabolic signaling through expression of
matrix-degrading enzymes and thereby causing enhanced OA
cartilage destruction.
HIF-2a, a homolog of HIF-1a, is a member of the basic helix-
loop-helix/PAS transcription factor family23. Both HIF-1a and HIF-
2a are primarily regulated via oxygen-dependent post-trans-
lational degradation and are involved in controlling hypoxic re-
sponses through activation of target genes24,25. However, despite
extensive structural and functional similarities, HIF-1a and HIF-2a
play distinct, even opposite roles under both physiological and
pathological conditions23e25. In addition to this classical regulation
of HIF-2a, however, we and others have previously demonstrated
that HIF-2a is transcriptionally upregulated in OA chondrocytes
independent of oxygen tension10e14. Upregulated HIF-2a causes
cartilage destruction by inducing expression of catabolic target
genes, including the matrix-degrading enzymes11e14. The catabolic
signaling initiated by HIF-2a during OA pathogenesis through
promotion of the expression of matrix-degrading enzymes is
ampliﬁed by downstream mediators, such as interleukin (IL)-612
and nicotinamide phosphoribosyltransferase (NAMPT)14. For
instance, HIF-2a directly targets the gene encoding IL6; the
resulting increase in IL6 levels, in turn, ampliﬁes expression of
MMP3 and MMP1312. HIF-2a also transcriptionally upregulates
expression of NAMPT in chondrocytes, which ampliﬁes expression
of MMP3, MMP12, and MMP1314. Therefore, expression of MMP3
and MMP13dtwo essential catabolic effector in cartilage matrix
degradation8,9dis not only directly regulated by HIF-2a, it is also
ampliﬁed by the HIF-2a downstream effectors IL6 and NAMPT. In
contrast to the catabolic roles of HIF-2a, it is worthwhile to note the
fact that HIF-2a is capable of functioning as an anabolic regulator by
stimulating expression of SOX9 and cartilage matrix genes, sug-
gesting that whether HIF-2a plays catabolic or anabolic role in
chondrocytes may be determined by other signaling contexts26,27.
In contrast to its downstream targets, HIF-2a upstream regula-
tory features, apart from oxygen tension, have been relatively
underexplored. Of particular interests in cartilage homeostasis
maintenance is how the balance between HIF-1a and HIF-2a shifts
toward catabolism-promoting HIF-2a in OA conditions. Our current
results demonstrated that the zinc-ZIP8-MTF1 axis promotes
transcription of the gene encoding HIF-2a, revealing this axis as a
previously unidentiﬁed upstream regulator of HIF-2a. Treatment
with ZnCl2 or overexpression of the Zn2þ importer ZIP8 or its
downstream target MTF1 stimulated Epas1 promoter activity and
subsequent expression of HIF-2a. This transcriptional upregulation
of HIF-2a by the zinc cascade requires the activation of the metal-
sensing transcription factor, MTF1. Previously known upstream
regulators of HIF-2a in OA chondrocytes include mechanical stress
induced by DMM surgery and pro-inﬂammatory cytokines associ-
ated with OA pathogenesis such as IL1b11,28. These factors also
regulate the zinc-ZIP8-MTF1 axis in chondrocytes16. Therefore, it
warrants further investigation whether or not extracellular stimuli
such as mechanical stress and cytokines require the activation ofected with Ad-C or Ad-Zip8 (n ¼ 5) at an MOI of 800. (D) Representative images of MTF1
mice IA-injected with 1  109 PFUs of Ad-C or Ad-Mtf1 (n  14). (E) Chondrocytes were
d infected with Ad-C or Ad-Zip8 at an MOI of 800. mRNA levels of the indicated targets
e left untreated (None) or were transfected with 100 nM of control (C-siRNA) or Epas1
icated targets were determined by qRT-PCR 24 h after adenovirus infection (n ¼ 5). (G)
mice IA-injected with 1  109 PFUs of Ad-C or Ad-Mtf1. (H) qRT-PCR analysis of mRNA
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in OA chondrocytes.
We have recently demonstrated that the zinc-ZIP8-MTF1 axis
is a catabolic regulator of OA pathogenesis15. DMM surgery and
pro-inﬂammatory cytokines upregulate the Zn2þ importer ZIP8,
resulting in Zn2þ inﬂux and activation of the downstream target
MTF1 in chondrocytes15. Activation of the transcription factor
MTF1 appears to be responsible for the expression of matrix-
degrading enzymes caused by ZIP8 expression and Zn2þ inﬂux15.
In this study, we found that the zinc-ZIP8-MTF1 axis is also
stimulated by HIF-2a in chondrocytes and OA cartilage. ZIP8,
among the examined ZIP and ZNT family members, was regulated
by HIF-2a. Because HIF-2a does not affect MTF1 mRNA levels,
activation of MTF1 by HIF-2a appears to be attributable to ZIP8-
mediated Zn2þ inﬂux in chondrocytes. During OA pathogenesis,the cellular catabolic regulators HIF-2a and the zinc-ZIP8-MTF1
axis are activated in OA chondrocytes by extracellular stimuli,
including mechanical stress and pro-inﬂammatory cytokines.
These activated catabolic regulators, in turn, reciprocally stimu-
late each other. This reciprocal regulation of HIF-2a and the zinc-
ZIP8-MTF1 axis appears to be required for the robust activation of
catabolic signaling, and thus OA cartilage destruction, in
chondrocytes.
Our ﬁndings support the emerging concept that the regulation
of gene expression is not simply governed by a single pathway, but
rather by multiple pathways that interact via intricate networks29.
Collectively, our results indicate that reciprocal activation of the
two catabolic regulators, HIF-2a and the zinc-ZIP8-MTF1 axis,
maximizes catabolic effects and causes cartilage destruction during
OA pathogenesis.
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